son. Autonomic and behavioral thermoregulation in guinea pigs during postnatal maturation. J. Appl. Physiol. 83(3): 830-836, 1997.-Serial experiments were carried out on seven chronically instrumented Hartley-strain guinea pigs at 1, 3, and 5 wk of age to define their autonomic and behavioral thermoregulatory profiles and to test the hypothesis that they have the mechanisms in place shortly after birth that allow them to optimize their energy expenditure for thermoregulation by selecting a thermal environment that requires the lowest metabolic oxygen requirements. Each animal was studied in both a thermocline to determine selected ambient temperature and in a metabolic chamber to determine the thermoregulatory response to forced changes in ambient temperature. In the thermocline, the guinea pigs at all postnatal ages selected an ambient temperature that placed core temperature, oxygen consumption, thermal conductance, heart rate, and respiratory rate at levels comparable to those observed at ambient temperatures in which minimal oxygen consumption occurred in the metabolic chamber. Thus our experiments provide evidence that guinea pigs have the neurophysiological mechanisms in place shortly after birth that allow them to optimize their energy expenditure for thermoregulation by selecting a thermal environment that corresponds to the lowest metabolic oxygen requirements.
GUINEA PIGS are born relatively mature. They can move around within minutes after birth, are pelted, have open eyes, and may not even have to suckle but can eat ''real'' food immediately (15) . Similar to other newborn mammals, their primary requirements are food, protection, and warmth. Guinea pigs are homeotherms and employ both their somatomotor nervous system (e.g., behavioral thermogenesis, shivering thermogenesis) and the sympathetic portion of their autonomic nervous system (e.g., nonshivering thermogenesis, changes in vasomotor tone) as thermoregulatory effectors to maintain a stable core temperature. Newborn guinea pigs primarily utilize nonshivering thermogenesis in brown adipose tissue as opposed to shivering thermogenesis to generate heat during exposure to cold (7) and during febrigenesis (4) .
Before birth, the guinea pig fetus grows in the warm environment of the uterus. In all species studied to date [i.e., humans (2, 17) , baboons (14) , sheep (1), dogs (2) , and rabbits (10) ], core temperature of the fetus is ϳ0.5°C higher than that of the mother. Immediately after birth, the newborn must expend energy not only for growth but also to maintain its core temperature at or near the central nervous system ''set-point'' temperature. Considering the high energy requirements for growth during early postnatal life and the fact that most newborns have limited food supplies, it would be advantageous for the newborn guinea pig to use behavioral thermogenesis rather than nonshivering thermogenesis as a thermoregulatory effector. This would avoid not only the hazards of hypothermia but also wastage of energy on heat production, and thus more would be available for growth. The present experiments were carried out to define the autonomic and behavioral thermoregulatory profiles of newborn and older guinea pigs to test the hypothesis that they have the mechanisms in place shortly after birth that allow them to optimize their energy expenditure for thermoregulation by selecting a thermal environment that requires the lowest metabolic oxygen requirements.
METHODS
Seven Hartley-strain guinea pigs were studied. Each pup was born by spontaneous vaginal delivery and was housed with its dam and siblings in an environmental chamber (22 Ϯ 1°C, 20-30% relative humidity, and 12:12-h light-dark cycle) between experiments.
Surgical Preparation
The pups underwent one operation before study. Within 24 h of birth, each pup was anesthetized by inhalation of halothane (2.0-2.5% for induction and maintenance) in oxygen. A paramedian laparotomy was done, and a batteryoperated biotelemetry device (PhysioTel TA1OETA-F20, Data Sciences International) was inserted into the peritoneal cavity for later measurement of core temperature and the electrocardiogram. The wounds were then sutured closed. After surgery, the pups were returned to their mother for recovery but were not studied before the third postoperative day. All surgical and experimental procedures were carried out in accordance with the ''Guide to the Care and Use of Experimental Animals'' provided by the Canadian Council on Animal Care and with the approval of the Animal Care Committee of the University of Calgary.
Experimental Protocol
Experiment I: Thermocline. On the day of an experiment, each guinea pig was brought to the laboratory and placed first in a thermocline for a period of 2 h on days 3, 4, 5, or 6 (week 1: wt 104 Ϯ 9 g), 15 or 16 (week 3: wt 162 Ϯ 18 g), and 28 or 29 (week 5: wt 275 Ϯ 14 g) of postnatal life. The measured and calculated variables were determined at 6-min intervals during the second hour. Each guinea pig was then placed back with its dam and siblings for ϳ1 h before experiment II.
Experiment II: Metabolic chamber. Each guinea pig was then placed in the metabolic chamber for a period of 6 h. The measured and calculated variables were determined during the last 5 min of 30-min periods as the ambient temperature was increased in 2-°C increments from 14 to 36°C.
Experimental Apparatus
Experiment I: Thermocline. The thermocline used in our experiments consisted of a sealed Plexiglas cylinder (200 cm long, internal diameter 11.5 cm) with a plastic grid along the bottom into which flowed room air at 2.0 l/min. A linear temperature gradient from 15 to 40°C was produced by circulating hot and cold water (Neslab-Endocal Refrigerated Circulating Bath RTE-8DD) into two copper coils wrapped around the cylinder.
Experiment II: Metabolic chamber. The metabolic chamber used in our experiments consisted of a double-walled Plexiglas cylinder (60 cm long, internal diameter 10 cm) with a plastic grid along the bottom into which flowed room air at 1.4 l/min. Chamber ambient temperature was controlled by circulating water from a temperature-controlled bath (NeslabEndocal Refrigerated Circulating Bath RTE-8DD) through the space between the walls.
Experimental Measurements and Calculations
Selected ambient temperature was determined in experiment I by observing the position of the guinea pig in the thermocline. For measurement of core temperature and the electrocardiogram, platform antennae (PhysioTel CTR 86, Data Sciences International), which received the output frequency (Hz) from the previously implanted biotelemetry device, were placed under the thermocline and metabolic chamber. The received output was then fed into a peripheral processor (Dataquest III, Data Sciences International) connected to an IBM computer. Respiratory rate was determined by visual observation. Oxygen consumption was calculated from the oxygen concentration (Ametek-Applied Electrochemistry S-3A/I O 2 Analyzer) of the inflow and outflow gas as well as the flow rate. Thermal conductance, which is a measurement of the ease of heat transfer from the body to the environment by radiation, conduction, convection, and evaporation (3, 6) , was calculated as oxygen consumption divided by the difference between core temperature and ambient temperature. The lower critical temperature was estimated as the ambient temperature below which oxygen consumption (i.e., an indirect measurement of metabolic heat production) increased in an attempt to maintain thermal balance (12) .
Statistical Analysis
Statistical analysis was carried out by using a two-factor analysis of variance for repeated measures followed by a Newman-Keuls multiple-comparison test to determine whether postnatal age or ambient temperature affected the measured or calculated variables (16) . All results are presented as means Ϯ SD; P Ͻ 0.05 was considered to be of statistical significance.
RESULTS
Core temperature was significantly influenced in an overall fashion by ambient temperature (P ϭ 0.000) but Values are means Ϯ SD; n ϭ 7 animals. Nos. in boxes, ambient temperatures at which minimal oxygen consumption occurred in metabolic chamber; Z, thermoneutral zone of each age group. * P Ͻ 0.05 vs. core temperature of each age group at ambient temperature of minimal oxygen consumption in metabolic chamber. # P Ͻ 0.05, core temperatures below lower critical temperature vs. lowest core temperature in thermoneutral zone. I P Ͻ 0.05 vs. week 1 in thermocline or at minimal oxygen consumption in metabolic chamber. III P Ͻ 0.05 vs. week 3 in thermocline or at oxygen consumption in metabolic chamber. V P Ͻ 0.05 vs. week 5 in thermocline or at minimal oxygen consumption in metabolic chamber.
THERMOREGULATION IN GUINEA PIGS DURING MATURATION
not by postnatal age (P ϭ 0.530) (Fig. 1) ; there was not an interaction between ambient temperature and postnatal age on core temperature (P ϭ 0.586). Core temperature increased and decreased, respectively, at all ages when the ambient temperature of the metabolic chamber was set above and below the ambient temperature at which minimal oxygen consumption occurred. Core temperatures measured when the animals were in the thermocline were similar to those measured when the animals were in the metabolic chamber at the ambient temperatures at which minimal oxygen consumption occurred at all ages. Core temperature increased at 5 wk compared with 1 and 3 wk both when the animals were in the thermocline and when the animals were in the metabolic chamber at the ambient temperature at which minimal oxygen consumption occurred. Selected ambient temperature did not change significantly with increasing age (mode:
Oxygen consumption was significantly influenced in an overall fashion by ambient temperature (P ϭ 0.000) and postnatal age (P ϭ 0.029) (Fig. 2) ; there was not an interaction between ambient temperature and postnatal age on oxygen consumption (P ϭ 0.084). The minimal rate of oxygen consumption occurred at ambient temperatures of 32, 34, and 36°C, respectively, during weeks 1, 3, and 5 of postnatal life, respectively, as the ambient temperature was varied from 14 to 36°C in the metabolic chamber. Oxygen consumption rates measured when the animals were in the thermocline were similar to those measured when the animals were in the metabolic chamber at the ambient temperatures at which minimal oxygen consumption occurred at all ages. Neither oxygen consumption measured in the thermocline nor oxygen consumption measured in the metabolic chamber at the ambient temperature at which minimal oxygen consumption occurred was influenced by postnatal age. The lower critical temperature increased from ϳ24°C during weeks 1 and 3 of postnatal life to ϳ28°C during week 5 of postnatal life.
Thermal conductance was significantly influenced in an overall fashion by ambient temperature (P ϭ 0.000) but not by postnatal age (P ϭ 0.068) (Fig. 3) ; there was not an interaction between ambient temperature and postnatal age on thermal conductance (P ϭ 0.247). Thermal conductances measured when the animals were in the thermocline were similar to those measured when the animals were in the metabolic chamber at the http://jap.physiology.org/ ambient temperatures at which minimal oxygen consumption occurred at all ages. Thermal conductance increased at week 5 compared with weeks 1 and 3 both when the animals were in the thermocline and when the animals were in the metabolic chamber at the ambient temperature at which minimal oxygen consumption occurred. The threshold for an increase in thermal conductance decreased from ϳ32°C in the 1-wk-old guinea pigs to ϳ30°C in the 3-and 5-wk-old guinea pigs.
Heart rate was significantly influenced in an overall fashion by ambient temperature (P ϭ 0.000) and postnatal age (P ϭ 0.031) (Fig. 4) ; there was a significant interaction between ambient temperature and postnatal age on heart rate (P ϭ 0.010). Heart rates measured when the animals were in the thermocline were similar to those measured when the animals were in the metabolic chamber at the ambient temperatures at which minimal oxygen consumption occurred at a given postnatal age. Heart rate increased at weeks 3 and 5 compared with week 1 of postnatal age when the animals were in the thermocline and when the animals were in the metabolic chamber at the ambient temperature at which minimal oxygen consumption occurred.
Respiratory rate was significantly influenced in an overall fashion by ambient temperature (P ϭ 0.000) and by postnatal age (P ϭ 0.031) (Fig. 5) ; there was a significant interaction between ambient temperature and postnatal age on respiratory rate (P ϭ 0.000). Respiratory rates measured when the animals were in the thermocline were similar to those measured when the animals were in the metabolic chamber at the ambient temperatures at which minimal oxygen consumption occurred at a given postnatal age. Respiratory rate increased at week 5 compared with weeks 1 and 3 of postnatal age when the animals were in the thermocline and when the animals were in the metabolic chamber at the ambient temperature at which minimal oxygen consumption occurred.
DISCUSSION
Our experiments provide new information about thermoregulatory control during postnatal maturation in guinea pigs. Novel findings in our study were that 1) guinea pigs at all postnatal ages selected an ambient temperature in the thermocline that placed core temperature, oxygen consumption, thermal conductance, heart rate, and respiratory rate at levels comparable to those observed at ambient temperatures at which minimal oxygen consumption occurred in the metabolic chamber; 2) guinea pigs at all postnatal ages selected an ambient temperature in the thermocline that was above their lower critical temperature and was similar to the threshold temperature for an increase in thermal conductance as determined in the metabolic chamber; and 3) 1-wk-old guinea pigs maintained their core temperature better than did 3-and 5-wk-old guinea pigs as ambient temperature was decreased below their lower critical temperature.
These data provide evidence that guinea pigs have the neurophysiological mechanisms in place shortly after birth that allow them to optimize their energy expenditure for thermoregulation by selecting a thermal environment that corresponds to the lowest metabolic oxygen requirements that occur over the temperature range of 14 to 36°C. This may have important ramifications for survival and for growth because it will avoid not only the hazards of hypothermia but also wastage of energy on heat production, and thus more will be available for growth. This factor is of considerable importance, for most newborn mammals have limited food reserves. Estimates of energy expenditures for growth in rapidly growing precocial species may be as much as 30-35% of the basal metabolic rate (13) . Whether or not the newborn guinea pig can achieve these optimal conditions of core temperature and oxygen consumption in an environment where ambient temperature is below that in which minimal oxygen consumption occurs by utilizing behavioral thermoregulation (i.e., by huddling with its mother and siblings) remains to be determined.
It has previously been suggested that the ''comfortable temperature'' for the newborn is often intolerable for the adult (11). This does not appear to be the case for the precocial guinea pig because Gordon (9) has previously shown that the selected ambient temperature for an adult male guinea pig [i.e., mode 32°C; mean 31 Ϯ 4 (SD)°C] is only a degree or two below that observed in the present study. If one compares the thermoregulatory profiles for the adult as reported by Gordon (9) with that of the newborn in this species, core temperature and the lower critical temperature appear to differ. In the adult, the core temperature is 38.9 Ϯ 0.2°C at the ambient temperature at which minimal oxygen consumption occurs (9) , whereas in our study core temperature under similar conditions was 39.2 Ϯ 0.2, 39.5 Ϯ 0.3, and 40.1 Ϯ 0.5°C at 1, 3, and 5 wk of age, respectively. In the adult, the lower critical temperature is ϳ20°C (9), whereas in the present study we found the lower critical temperature to be ϳ24°C during weeks 1 and 3 of postnatal life to ϳ28°C during week 5 of postnatal life. The threshold for an increase in thermal conductance, however, appears to be similar in the adult (9) and young guinea pig during postnatal maturation (i.e., ϳ30-32°C).
Although we did not measure evaporative water loss, if one assumes that the pattern of thermal conductance follows the pattern of evaporative water loss in the young guinea pig as it does in the adult (9) , then the thermoneutral zone, defined as the range of ambient temperature within which the metabolic rate is at a minimum and within which temperature regulation (i.e., a stable core temperature) is achieved by nonevaporative physical processes alone (5, 12) , is ϳ20-28°C in the adult guinea pig and ϳ24-30, ϳ24-30, and 28-30°C during weeks 1, 2, and 3 of postnatal life, respectively. At ambient temperatures below the lower critical temperature, 1-wk-old guinea pigs maintained their core temperature, whereas 3-and 5-wk-old guinea pigs did not. Core temperature decreased below ambient temperatures of 20 and 24°C, respectively, in the 3-and 5-wk-old guinea pigs. Similarly, Dawes and Mestyan (8) found that guinea pigs were able to maintain their core temperature on exposure to cold within 2 days after birth, and often much earlier. Interestingly, Gordon (9) found that core temperature fell in adult guinea pigs when the ambient temperature was decreased below their lower critical temperature. The remarkable ability of the 1-wk-old guinea pig to maintain its core temperature as ambient temperature was decreased below the lower critical temperature may be related to the peak capacity for heat generation by nonshivering thermogenesis in brown adipose tissue that this precocial species has shortly after birth (15) .
Basal heart rate and respiratory rate, measured in the thermocline or at the ambient temperature at which minimal oxygen consumption occurred, increased with postnatal age. The pattern of change of heart rate mirrored the pattern of change of oxygen consumption as ambient temperature was varied. This is not surprising, considering that heart rate is a determinant of cardiac output, and an increase in cardiac output would be the primary mechanism by which oxygen supply (i.e., systemic oxygen transport) would be increased to meet an increase in oxygen demand. The pattern of change of respiratory rate mirrored the pattern of change of oxygen consumption as ambient temperature was decreased but increased over and above a pattern of stable oxygen consumption at the higher ambient temperatures most likely in an attempt to dissipate heat. In summary, our study provides new information on the autonomic and behavioral thermoregulatory profiles of newborn guinea pigs and how they compare to that of the adult as well as providing evidence that guinea pigs have mechanisms in place shortly after birth that allow them to optimize their energy expenditure for thermoregulation by selecting a thermal environment that corresponds to the lowest metabolic oxygen requirements.
